Wiring the nervous system relies on the interplay of intrinsic and extrinsic signaling molecules that control neurite extension, neuronal polarity, process maturation and experience-dependent refinement. Extrinsic signals establish and enrich neuron-neuron interactions during development. Understanding how such extrinsic cues direct neurons to establish neural connections in vitro will facilitate the development of organized neural networks for investigating the development and function of nervous system networks. Producing ordered networks of neurons with defined connectivity in vitro presents special technical challenges because the results must be compliant with the biological requirements of rewiring neural networks. Here we demonstrate the ability to form stable, instructive surface-bound gradients of laminin that guide postnatal hippocampal neuron development in vitro. Our work uses a three-channel, interconnected microfluidic device that permits the production of adlayers of planar substrates through the combination of laminar flow, diffusion and physisorption. Through simple flow modifications, a variety of patterns and gradients of laminin (LN) and fluorescein isothiocyanateconjugated poly-L-lysine (FITC-PLL) were deposited to present neurons with an instructive substratum to guide neuronal development. We present three variations in substrate design that produce distinct growth regimens for postnatal neurons in dispersed cell cultures. In the first approach, diffusion-mediated gradients of LN were formed on cover slips to guide neurons toward increasing LN concentrations. In the second approach, a combined gradient of LN and FITC-PLL was produced using aspiration-driven laminar flow to restrict neuronal growth to a 15 mm wide growth zone at the center of the two superimposed gradients. The last approach demonstrates the capacity to combine binary lines of FITC-PLL in conjunction with surface gradients of LN and bovine serum albumin (BSA) to produce substrate adlayers that provide additional levels of control over growth. This work demonstrates the advantages of spatio-temporal fluid control for patterning surface-bound gradients using a simple microfluidics-based substrate deposition procedure. We anticipate that this microfluidics-based patterning approach will provide instructive patterns and surface-bound gradients to enable a new level of control in guiding neuron development and network formation.
Introduction
Microfabrication technologies have been used to chemically and topologically pattern glass cover slips to investigate the influences of such features on neuronal polarity, axon migration and growth cone behaviors. Microfluidic devices have been employed in studies of: axon regeneration, 1 positioning neurons in microdevices, 2 integrating networks of neurons with multielectrode arrays, 3 and confining neurites for axon-selective mRNA analysis. 4 The application of microfluidics in neuroscience is still young, nevertheless, this technology has made significant contributions in many areas.
Patterned substrates have been used for defining and regulating extrinsic cues in order to direct neuronal growth and polarity. [5] [6] [7] [8] In the brain and in vitro, neurons contact surfaces for stabilizing attachment and, importantly, for receiving developmentally instructive signals that are transduced to modulate gene transcription, energy/resource utilisation, and neuronal fine structure mediated through the cytoskeleton.
9,10 Microfluidic devices can be used to form binary chemical patterns that can be used to present cells with stark differences in the substratum. 8 Patterns can be deposited using microcontact printing, 7,11-13 but this process is challenging and inefficient for substrate gradients.
To investigate substrate-mediated axo-dendritic polarity, Banker and colleagues presented hippocampal neurons with patterned stripes of defined bioactive cell adhesion molecules. Their work showed the ability to juxtapose substrates that induce axo-dendritic specification of differentiating primary neurites in vitro. 8 Through extensions of this approach, intersecting lines of different recombinant cell adhesion molecules further refined the analysis of neurite navigation in vitro. 7 The implementation of patterned substrates for neurobiological studies has demonstrated that various immobilized, bioactive substrates predictably guide neuron development, 6, 11, 13, 14 polarization, 8, 12 axon migration, 7 and growth cone navigation. 6 Because trophic factors have a beneficial role in development, they can be immobilized as patterned substrates for activating neurons and regulating development through surface contacts.
15-17
While developmental studies using planar patterns have provided insights on directed neurite development, neuronal differentiation is influenced by both surface-bound and diffusive gradients of extrinsic signaling molecules. Keenan and Folch review the benefits and limitations of many of the approaches for producing biomolecular gradients in vitro. 18 Traditional approaches for years have produced effective, non-quantitative gradients, while newer approaches utilize microtechnology to yield more precisely regulated and quantifiable fluidic-based gradients. Both approaches are valuable, and selecting the appropriate method requires understanding the constraints and demands of the biological question.
Polydimethylsiloxane (PDMS) is a widely used material for fabricating microfluidic devices, principally due to its affordability, ease of fabrication and use, and general biocompatibility. [19] [20] [21] Microfluidics approaches improve spatiotemporal fluidic control of the microenvironment to which the neuron is exposed, 22 provide a physical barrier that confine neurites, 1, 4, 23 enable control of neural network connectivity, 24, 25 and facilitate the manipulation and processing of minuscule sample volumes of cellular analytes for biochemical analysis. [26] [27] [28] [29] [30] [31] The present work exploits these qualities and joins them more generally to the patterning capabilities of soft lithographic/microfluidic patterning.
Laminin (LN) and growth factors are instructive elements of the extracellular matrix and an axon permissive cue for orienting neurons and establishing neuronal polarity.
8,32-39 Microfluidic devices can be used to generate useful gradients of LN to promote neurite guidance 37 and growth factor gradients that optimize the proliferation and differentiation of human neural stem cells. 40 Microfluidic channels also can be designed in a range of sizes and complexities to incorporate valves for flow actuation and to sustain tunable solution-phase gradient forms for tuning, via real-time manipulation, fluid-phase diffusive gradients.
18,41-45
While complex, state-of-the-art microfluidics provide capacities for programmatic switching, and flow manipulation can be exceptionally empowering, studies examining primary neurons in vitro do not necessarily require advanced capacities of this type, and may suffer from them. The pressures and flow rates applied through dynamically actuated microfluidic devices, in many cases, induce flow-field forces (e.g., shear stresses) 46-50 that influence the structure and function of the cell.
46,51-54 Flow-field stresses can negatively bias the micron-scale neurites, the neuronal responses or prove altogether fatal. For these reasons, specialized device designs have been engineered to provide the necessary requirements for fluid mass transfer without inflicting flow-based artefacts.
50
Alternative microdevice designs have established more permissive means for gradient generation. These include the general competency of diffusion-field patterning, 55,56 the crosschannel, 57, 58 and microjet approaches. 59 These latter methods provide a significant advantage in that they enable substrate gradient formation while eliminating the cellular impacts of shear effects that accrue at high flow velocities.
49
In this work, we specifically focus on controlling the substratum by patterning surface-bound gradients using the spatiotemporal fluidic control afforded by microfluidics for guiding neuron development in vitro. Here, the benefits of laminar flow and diffusion are combined through the use of interconnecting microchannels to provide an efficient means of patterning proteinaceous cues on glass surfaces. Our results show that this surface patterning approach is compliant with, and meets the biological requirements for, controlling mammalian neuron development. This patterning approach is broadly applicable to cell biology and is compatible with the traditional cultures of primary neurons in Petri dishes and on cover slips.
Methods

Microfluidic device fabrication
The schematic in Fig. 1 shows the general process for microfluidic device fabrication and its use for patterning cover slips for cell cultures. Microfluidic devices with multi-height channels are formed by casting and curing PDMS against a master consisting of a silicon wafer supporting multi-height photoresist features. Step 1: master fabrication using photolithography: a master consisting of multi-height photoresist features on a silicon wafer was fabricated using standard lithography. The primary channels range from 50-200 mm by $45 mm; smaller interconnects are 3-7 mm by 3 mm, width by height, respectively.
Step 2: PDMS pre-polymer is poured onto the masters, cured at 70 C for 2 h, removed from masters and trimmed of excess PDMS prior to solvent extraction.
Step 3: PDMS microfluidic channels are solvent-extracted with pentane, xylenes, ethanol and water. 23 Step 4: planar-patterned binary lines or substrate gradients are formed on glass cover slips by laminar flow and diffusion.
Step 5: channels can be removed to form planar, surface-bound substrate gradients on cover slips for two-dimensional neuronal cultures.
Step 6: additional microchannel structures can be assembled onto the patterned cover slip for further patterning of multiple substrate layers. Table 1 outlines the six different channel designs used in this work.
Step 1: two sequential photolithographic processes are used to make masters with multi-height photoresist features. The small parallel 'interconnect' channels are first formed using SU-8 (2) spun in a thin layer ($3 mm) followed by exposure through a high-resolution quartz/chromium mask (defined by electron beam lithography). The three larger parallel channels are then formed by casting a thicker layer ($45 mm) of SU-8 (50) on the master followed by exposure through a transparency mask (defined by ink-jet printing) that is aligned with the small interconnect channels formed during the first step. Resist spinning, exposure and baking are performed as directed by the manufacture's specifications. As described previously, 23 masters are passivated with a layer of (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane to facilitate PDMS release.
Step 2: PDMS pre-polymer (Sylgard 184, Dow Corning) is poured to a thickness of 2-4 mm on the master and cured at 70 C for 2 h and stored in ambient conditions ($25 C) until used.
Step 3: prior to use for cover slip patterning or cell culture, PDMS channels are extracted in solvents to remove residual, uncrosslinked components, producing extracted PDMS (E-PDMS) from the PDMS. Unextracted PDMS is known to interfere with neuron cultures 23 and leaves residues on surfaces upon contact, [60] [61] [62] [63] [64] [65] [66] whereas E-PDMS exhibits greatly improved biocompatibility and minimizes surface residues. The extraction protocol (Step 3) has been shortened from our previous work.
23 E-PDMS is prepared by submerging devices measuring approximately 464 mm 2 and 2-4 mm thick in 150-200 mL of the following solvents for the indicated times: HPLCgrade pentane (Fisher Scientific) for $16 h; xylenes isomers plus ethylbenzene 98.5+% (xylenes) (Sigma) for 1-2 h; xylenes for 2-4 h; 200 proof ethanol (EtOH) USP for 1-2 h (AAPER); EtOH for at least 2 h, and, finally, the PDMS channels are submerged in 1 L of sterile DI water overnight and dried prior to use.
Cover slip patterning
Planar-patterned gradients.
Step 4: the E-PDMS channels are attached to the cover slips via conformal contact. Then, planarpatterned gradients on acid-cleaned cover slip surfaces are formed by flowing solutions of selected chemical cues through the E-PDMS channels attached to the glass substrates.
23 Laminin (LN) (Invitrogen, Carlsbad, CA), fluorescein isothiocyanateconjugated poly-L-lysine (FITC-PLL) (Sigma, St Louis, MO), and Texas Red-conjugated bovine serum albumin (TR-BSA) (Molecular Probes, Eugene, OR) are diluted to 100 mg mL À1 in phosphate buffered saline (PBS, 0.1 M, pH 7.4). For channel patterning, all solutions are filtered through 0.22 mm filters to yield fluids free of debris. In general, substrate solutions were perfused through the three large primary channels prior to cell culture with the order, duration, and flow necessary to enable controlled exposure of the solutions to the glass substrate. Microfluidic assembly for patterning and culture can be repeated for combining patterns or gradients on a 2-D cover slip.
Step 5: to view the LN pattern, the cover slip is immunochemically labeled with polyclonal antibodies that recognize LN. 37 While the LN-patterned source channel could easily be identified, the immunofluorescence from the laminin-patterned diffusion field is insufficient for characterizing the slope and width of the surface gradient cue; therefore, we rely on the inherent ability of neurons to sense the change in LN concentration and respond to their extracellular domain. To avoid confounding variables that could be attributed to PDMS footprints or residues left on the cover slip where the PDMS made contact with the cover slip, all patterning processes in this work are performed using E-PDMS. Residual PDMS oligomers that could be deposited through contact of PDMS to the glass 60, 62, 63, [67] [68] [69] [70] were minimized in this way. It is possible that the micron-scale foot print from the PDMS interconnects could act as a navigational cue; however, under these gradient forms, the LN cue guides the axons up the diffusion field toward the LN source to orient the navigation of axons apart from any cue the footprint may provide.
Binary patterned lines. For binary patterned lines formed in conjunction with surface gradients, parallel non-interconnecting microchannels are brought into conformal contact with acidcleaned cover slips prior to gradient formation. FITC-PLL is briefly perfused through the channels, then flow is stopped and the lysine-polymer solution is allowed to incubate on the glass in the channel for approximately 5-10 min. Care is taken to avoid excess coating outside the channel array to avoid unnecessary coating of the glass. The FITC-PLL is aspirated and the channels and cover slip rinsed thoroughly using sterile DI water. Then, the cover slip and channels are aspirated until dry wherein the PDMS channels are removed and discarded (Steps 4 and 5). Gradients can be formed by repeating the patterning process on the binary lines (Step 6).
Cell culture
For postnatal (P1-P2) hippocampal neurons, Long-Evans BluGill rats (University of Illinois at Urbana-Champaign) were used in accordance with protocols established by the University of Illinois Institutional Animal Care and Use Committee and in accordance with all state and federal regulations.
Primary hippocampal neurons.
Tissue from P1-P2 is harvested following our previously published protocol;
23 Hibernate-A (Brain Bits, Springfield, IL) and Neurobasal-A without phenol red (Invitrogen), supplemented with 0.5 mM L-glutamine, B-27, 100 U mL À1 penicillin and 0.1 mg mL À1 streptomycin, are used for isolation and culture, respectively. Animals are rapidly decapitated, the brain removed and hippocampi dissected in icecold Hibernate. Hippocampi are pooled and treated with papain (25.5 U mL
À1
) in Hibernate for 30 min at 37 C. Following papain treatment, the enzyme-containing solution is aspirated and hippocampi are rinsed with 1 mL of enzyme-free Hibernate. Cells are then mechanically dissociated through trituration in 2 mL Hibernate using a fire-polished Pasteur pipette. After undissociated tissue settles, the supernatant is transferred to a new 15 mL vial and the process repeated. The resulting supernatant is combined and centrifuged at 1400 rpm for 5 min. Cells are resuspended, counted, diluted in Neurobasal media, and plated at 100-125 cells mm À2 for two-dimensional cultures without microchannels.
Immunochemistry
Immunolabeling patterned laminin. For imaging LN patterns with living neurons cultivated on the substrate, or patterned glass without neurons (Fig. 1, Step 5), primary rabbit polyclonal antibodies against LN (1 : 1-2000, Sigma) are introduced directly into the culture media of live hippocampal neuron cultures and incubated for 20 min in the incubator; as the B-27 supplement contains an abundance of albumin, a separate blocking step was not necessary. The culture media with LN antibodies are carefully removed from the dish and the cells are gently rinsed with pre-warmed culture media containing secondary antibodies (Alexa 350 (blue) or Alexa 568 (red) goat anti-rabbit, 1 : 1000, Invitrogen) against the LN polyclonal antibody and returned to the incubator for another 20 min. Finally, the media with secondary antibody are removed and the living cells are rinsed with 10% glycerol in PBS (37 C) to stabilize the neurons and the micron-scale axons during imaging. Glycerol stabilization greatly extends the ability to study and image live neurons for our analysis. Because the fixation process can attenuate or eliminate the fluorescence of conjugated substrates, fixation was not used and neurons were evaluated using live cell imaging.
Immunocytochemistry of cell cultures. For fixing and labeling neurons on the cover slip, cells are fixed with 4% paraformaldehyde or gluteraldehyde in PBS for 30 min, permeabilized with 0.25% Triton in PBS, and blocked at room temperature with 5% normal goat serum (NGS) in PBS. Primary and secondary antibodies are incubated with 2.5% NGS in PBS. Monoclonal mouse primary antibodies are against a-tubulin (1 : 1000, Sigma), and the rhodamine-conjugated phalloidin labeled filamentous actin (1 : 1000, Molecular Probes). Following antibody labeling, samples are rinsed with PBS then imaged with PBS for immediate imaging; alternatively, samples are rinsed with DI water, dehydrated, and mounted with Prolong Gold anti-fade reagent (Molecular Probes) before imaging to prevent photobleaching.
Microscopy and data analysis
Planar-patterned cover slips are imaged on a laser-equipped Zeiss LSM-510 Meta NLO 23 or a Zeiss Axiovert 200M fluorescence microscope with mercury lamp illumination (X-Cite series 120) and an Axiocam MRm with Axiovision software. Substrate gradient intensity profiles are acquired with the Zeiss LSM acquisition software. Neurite traces for quantitation are performed with Neurolucida and Neurolucida Explorer and displayed in the polar histogram.
For determining the instructive nature of 2-D, surface bound LN gradients, all putative neurons in the gradient zone are classified and tallied for net axonal migration after 4 DIV. The mean and standard deviation of the percent of the neuronal population with categorical migration (orienting toward the LN source, parallel to the LN source channel, or away from the LN source) of all five patterned samples are displayed, as will be discussed below. Samples were inspected through microscopy for particulates or debris that produce 'broken' gradients or interrupted flow fields; affected samples were not used. Young neurons (4 DIV) are identified by morphological characteristics of this developmental stage, many short processes (dendrites) and one longer process (axon) that is at least 3-times longer than the shorter processes (Fig. S1 †) . 37 Traces of axons migrating toward LN are representative of the navigational trend; all neurons shown are from a single cover slip from the five replicates. Perikaryons are marked with a spot of the same color. The axons of all neurons within the gradient zone are traced until the branch point or axon was no longer discernible from another neuron. Neurite traces are performed by directly tracing the neurites of the images. Neurite traces are aligned to the gradient zone or displayed in the polar histogram.
Results and discussion
The device used in the current work simplifies the earlier designs in important ways while preserving capabilities to regulate mass transfer, and in that way to control gradient forms of patterning. The device design we used here contains three larger (50 or 200 mm wide) parallel channels (two peripheral, one central) that are fluidically connected via small micron-scale interconnecting channels (Fig. 2a) . We fabricated a library of devices with a range of dimensions for the peripheral, central and interconnecting channels for use in patterning the cellular substrates (Table 1) . These microfluidic devices confer the simultaneous and independent ability to control multiple fluidic domains for patterning and programming gradients of substrate cues via mechanisms exploiting both diffusive mass transfer and laminar flow dynamics.
Diffusion field patterning: laminin gradients orient neuron development
To better define the temporal parameters for surface-bound gradients in our system, we perfused the two peripheral channels with FITC-PLL while imaging the diffusive spread of the substrate fluorescence through the interconnecting channels (Fig. 2b) . Within the first 10 min, FITC-PLL diffused through the interconnects and emerged into the central channel; within 40 min the FITC-PLL permeated the target channel sufficiently to adsorb onto the glass with the same coverage as the source channels. We extended this approach to Texas Red-conjugated bovine serum albumin (TR-BSA), which demonstrated different glass-coating characteristics apart from FITC-PLL (Fig. 2c) . As a result, chemical substrates can be deposited in a target channel by diffusion through fine interconnects, without flow, with the coverage and gradient extension modulated as a function of time.
We extended the diffusion-based approach to forming surfacebound gradients of LN. After pre-filling all channels with PBS, LN was aspirated into a single source channel and incubated for 5-10 min (Fig. 3a) to enable diffusion-mediated surface coating. To reduce extensive LN-mediated neuron clustering resulting from neuron migration, channels were post-rinsed with FITC-PLL (a promoter of cell adhesion) to add a FITC-PLL layer to the substrate pattern (Fig. 3b) . In addition, the FITC-PLL layer also served to enable the visualisation, via live-neuron imaging, of the treated channel structures for assessing the effectiveness of the LN orientation on growth (Fig. 3d) .
Axons of cultured primary hippocampal neurons growing on the diffusion zone navigate toward the LN source ( Fig. 3c and e) . Five samples from three separate patterning and culture experiments were analyzed; all neurons in the diffusion zone were classified (Fig. 3c) and tallied for net axonal migration after 4 days in vitro (DIV) (Fig. 3d) . The population for each classification of axon migration arrow in the image is identified by blue (''W'' toward LN), red (''N+S'' indifferent to LN), or yellow (''E'' away from LN), and corresponds to the colored data bars in the adjacent graph (Fig. 3d) . In addition, ''undetermined'' cells were included (''Other'', black data bar), accounting for the following: cells with processes but no defined axon (likely undifferentiated neurons), too many intersecting neurites masking the identification of the axon, or undifferentiated cells. The mean and standard deviation of the percent of the neuronal population with categorical migration are displayed with the respective orientation (Fig. 3d) . Neurons show a repeatable, statistically significant preference for LN in response to substrate gradients of these diffusion fields, (p # 0.0001, unpaired t-test).
When the orientations of axonal processes of all neurons from a single representative culture responding to the LN gradient with a uniform FITC-PLL layer (plotted in Fig. 3c ) are examined, interesting migration patterns are observed (Fig. 3e) . One neuron migrates away from the LN source, while all others respond and orient toward LN. Axons on the LN pattern of the source channel have the capacity to migrate off of the LN source because of the uniform FITC-PLL layer. Fig. 4 shows that axons migrating down the laminin gradient formed distinct ''U-turns'' in the diffusion zone to return to the LN source channel. This axon guidance is not observed in control cultures of patterned FITC-PLL without LN gradient cues, where neurons develop long neurites that intermingle across all patterned areas indicative of random migration (Fig. S1 †) . This makes individual cell and neurite distinction difficult (Fig. 3f) .
It is well established that LN is an effective cue for neurite navigation and outgrowth-promoting activity.
5,8,37,71
When dissociated hippocampal neurons are exposed to binary, alternating lines of LN and PLL, LN is a strong inducer of substrate directed axon specification and accelerated axon growth.
8
Further work capitalized on microfluidic gradient mixers to form stable, linear LN gradients for orienting axon specification toward increasing laminin concentrations. 37 While linear gradients can influence which of the many neurites will become the axon, the authors also reported that linear gradients do not guide newly formed axons beyond the initial axon specification. 37 Since their analysis included only those neurons that were in the center of the linear gradient, the conclusions are limited to that sub-population.
By analyzing the neurons and neurites within the gradient zone, a broader perspective can be obtained. Halfter studied axons from retinal explants growing up and down merosin (a member of the LN protein family) gradients. 72 As a result, the axons generally grow straight, but at varying angles toward increased concentrations of merosin. The results are dependent upon the axon location with respect to the margins of the gradient zone. It was also shown that these sensory axons do not form U-turns in response to decreasing concentration gradients. Similar results were obtained from axons of chick sympathetic ganglia explants growing on LN gradients. 73 The relatively straight axon outgrowth observed in these studies is either an inherent property of the neurons, 74 a property of the substrate composition or a combined effect of these factors.
When taken together, our results demonstrate that axons from primary hippocampal neurons not only follow increasing LN concentrations, but that axons can meander toward or away from the increasing LN concentrations during elongation ( Fig. 3d and e) . Our data further show that axons survey their environment and respond to the instructive properties available in the local substratum, whereby small concentration changes in surface-bound gradients can orient elongating axons throughout development rather than only during axon specification. This latter finding is perhaps best supported by the observed ''U-turns'' produced by axons that sense decreasing LN concentrations and return to the preferred LN cue of the source channel (Fig. 4) .
Our results also demonstrate the utility of the simplified approach adapted in this work to generate instructive surface gradients ( Fig. 1 and 2 ). While microfluidics have been used extensively for generating fluid-phase chemical gradients, the work presented here produces surface-bound gradients without relying on complex surface chemistry to covalently tether activating protein substrates to the glass. Instead, the method patterns stable substrates through the initial flux-limited protein exposure to the glass surface. These gradients are stable in culture media for weeks and thus are suitable for more longranging studies of growth.
Combining diffusion field patterning with laminar flow for diffusion mixing
We employed diffusive mixing by combining diffusion and laminar flow to produce substrate-bound gradients. Fig. 5 demonstrates the patterned gradient profiles formed through the type-A1 compartmentalized microdevice (for dimensions, see Table 1 ). LN (central channel) and FITC-PLL (peripheral channels) were perfused through a 200 mm wide central channel by vacuum aspiration applied directly to the central channel outlet. As FITC-PLL passes through the interconnecting channels, laminar flow confines the FITC-PLL to the fluidic domain adjacent to the channel sidewalls and thus only allows gradient formation to be achieved through diffusive mixing (Fig. 5a-c) .
To further refine the ability to pattern two-component gradients, a modified approach of diffusive mixing was employed within a 50 mm wide channel of device type-A3 (Table 1) to yield 30 mm wide counter-gradients ( Fig. 5d and e) . Here, one of the two peripheral channels was filled with TR-BSA while the remaining peripheral channel was filled with FITC-PLL. While the peripheral channels and interconnects were filled, the central channel remained dry due to high surface tension in the central channel at the end of the interconnects. To initiate diffusive mixing, PBS was then aspirated through the central channel to fill and perfuse the central channel. The dual opposing gradients observed here are the result of the combined effects of lateral diffusion and laminar flow of protein substrates into the target channel without the use of valves ( Fig. 5d and e) . Our present data demonstrate the ability to form diffusion-mediated, surfacebound gradients ranging from 50 mm wide (Fig. 5b , central interconnecting region) down to 25 mm wide (Fig. 5c , near the channel outlet). By applying this technique to smaller 50 mm wide channels, two counter gradients of substrates are formed on the glass surface; each chemical profile displays a $30 mm wide overlapping gradient field of adsorbed proteins ( Fig. 5d and e) . As our data suggest, the passive pattern actuation strategy Fig. 4 Growing axons return to preferred laminin (LN) substrates. Traces of axons from hippocampal neurons cultured for 4 days on cover slips patterned and labeled with LN and FITC-PLL using a type B3 device (Fig. 2) . Characteristic ''U-turns'' of axons are observed as the elongating axon discriminates lower LN concentrations and returns to the higher concentration of LN; relative substrate concentrations are shown above the neurite traces. Growth cones and arrows are added to signify the leading edge and the direction of migration and putative growth, respectively. The fragmented axonal portion represents the extensive axonal segment out of the field of view. The LN gradient zone is demarcated by the dashed lines, traces are from multiple samples and locations and are aligned to the gradient zone boundaries (dashed lines). Scale bar ¼ 20 mm.
supports a simple but broadly useful form of functional chemical patterning.
Gradients for refining neurite navigation
By extension, the exposure and rinsing steps of the patterning process described above can be rearranged into a two-part process using a microdevice with different channel dimensions (type B3, Table 1 ) to produce an instructive substrate gradient in a narrow central portion of the center target channel (Fig. 6) . First, all channels were loaded with PBS, the peripheral channels were then exchanged for LN and FITC-PLL, followed by aspiration of the central channel and an extended period of LN and FITC-PLL exposure. In the final step, the fluid in the peripheral channels is changed back to PBS for an extended rinsing duration followed by microchannel removal for cell culture. As a result, a small gradient of LN and FITC-PLL is generated on the glass surface. This is sufficient to guide neurite navigation. Processes align along a higher concentration that confines neuronal processes and cell bodies to a $15 mm wide region in the middle of the central channel ( Fig. 6a and b) . The polar histogram summarizes the directional navigation for all neuronal processes within 8 separate images, with each image containing 1-2 neuronal soma (Fig. S2 †) . Superimposed neuronal traces depict the degree of neuronal confinement to the gradient fields ( Fig. 6b and c) . Fig. 6d displays the mean value for all histographical 'wedges' within a 30 bin. Whereas the two bins for the longitudinal axes are statistically significant (p # 0.0001) from the remaining bins, the axial bins (i.e., 90 and 120 ) are not statistically different from each other, one-way analysis of variance (ANOVA), Bonferroni's multiple comparison post hoc test. Our results demonstrate the ability to utilize biochemical gradients to effectively confine the neuronal processes along a longitudinal region relative to the scale of the neuron.
While our diffusion-field substrate gradients prove compliant to the biological requirements of cultured neurons, fluid-phase flow-field gradients are dynamic and tunable, 18 each providing their respective benefits. Our past work has established the general competency of depletion field patterning, 56 as is adopted and modified in the present work, which actually embeds a significant advance in its capabilities. This model is one that we have theoretical guidance for and have replicated in a variety of contexts using different proteins and polycation adsorbates. Because each molecular compound has intrinsic properties of adhesion, each substrate compound of interest must be optimized, taking into consideration solution viscosity, molecular affinity to the binding surfaces, chemical substrate concentration, flow rate, time, temperature and the chemical properties of the physical surface to which the adsorbate is deposited.
Combined binary patterns and surface gradients for neuron development
To demonstrate the ability to form adlayers of differential substrate patterns that further guide neuron development, binary FITC-PLL lines were patterned on glass followed by an additional, perpendicular layer of TR-BSA and LN substrates (Fig. 7a and b) . When neurons are seeded onto the FITC-PLL line where the LN and TR-BSA cues converge, axons are confined to the FITC-PLL line and are directed to extend in the direction of the LN substrate. Fig. 7 shows neurons on the three-component substrate formed through this sequential patterning process. Here, multi-layer lines and gradients in combination refine substrate-directed development through neurite confinement and guidance. While the combined lines and gradients presented here demonstrate a proof of principle for neurite confinement and developmental directionality, the channels and geometries used here are a low throughput approach. By applying these principles of substrate patterning to a larger microfluidic array-with channel sizes and architectures designed for large scale network formation-this approach could enable the ability to combine patterning techniques to provide a growth regimen for directing neuron polarity and connectivity. Work to this end will provide the precision required for defining neuronal polarity for studies ranging from subcellular substrate interactions to investigations of neural connectivity and repair. 
Conclusion
The cytoarchitecture of cultured neurons can be controlled by defining the surface chemistry of the substrate through microfluidic devices, a technology that enables the formation of biochemical surface gradients apart from, and in conjunction with, binary patterned cues. Because the PDMS channels can be discarded after surface gradient formation and prior to cell culture, the complexities surrounding experiments where rapid flow rates and shear stresses interfere with cell development can be avoided. When microfluidics are required, and flow regimens and shear stresses can be controlled within the desired cellular constraints, then the patterning approach presented here can complement and facilitate studies using patterned cultures within microfluidic channels.
The patterning approach presented here makes use of an interconnected channel design to achieve a broad range of substrate compositions that reveal cellular responses guiding the development of postnatal neurons. Our results show that diffusion-field gradients of LN can direct axon navigation beyond the initial axon specification. Specifically, when axons are exposed to both an adhesive cue (PLL) and an instructional cue (LN), then elongating neurites can sense changes in LN concentrations and turn to navigate toward the increasing LN concentration. Axons migrating down LN gradients are also observed forming ''U-turns'' and orient back toward higher laminin concentrations. In addition, growing neurites can be confined by narrow, superimposed gradients of LN and PLL for neuronal network engineering and studying the nervous system in vitro. This work further demonstrates the beneficial utilization of microfluidic devices for spatiotemporal delivery of instructive substrates for neurobiology, surface chemistry and bioengineering research. 
